An ultrasound-assisted saponification (UAS) method for the determination of phytosterols (campesterol, β-sitosterol and stigmasterol) in passion fruit seed oil, followed by gas chromatography with flame ionization detection, was developed and validated. Under the optimum conditions, good linearity with correlation coefficients higher than 0.99 was obtained for all analytes. The recoveries for the proposed approach were between 103 and 107%, the limits of quantification were between 70 and 180 μg kg -1 and the precision values expressed in terms of relative standard deviations (RSD) were lower than 19%. The developed method was successfully applied to the analysis of passion fruit seed oil samples from different species, including yellow passion fruit, sweet granadilla and sweet passion fruit. In all species of analyzed passion fruit seed oils, β-sitosterol was found with the highest abundance, ranging from 0.90 ± 0.02 to 1.60 ± 0.01 mg g -1 of oil, followed by stigmasterol (0.70 ± 0.01 to 1.40 ± 0.12 mg g -1 of oil) and campesterol (0.10 ± 0.01 to 0.30 ± 0.06 mg g -1 of oil). Furthermore, the developed method proved to be a time-saving and efficient analytical procedure for the determination of phytosterols in oil samples.
Introduction
Passiflora species are cultivated throughout the world in tropical areas. [1] [2] [3] Passiflora edulis f. flavicarpa (yellow passion fruit), Passiflora alata (sweet passion fruit), Passiflora ligularis (sweet granadilla) and Passiflora edulis Sims (purple passion fruit) are species widely cultivated for their edible fruits. [4] [5] [6] Yellow passion fruit is the species most known and appreciated due to its organoleptic properties, such as an intense flavor and slight acidity. The pulp is destined for in natura consumption, but is predominantly used in juice production. 2, 4 Furthermore, the pulp is known to be rich in bioactive compounds, such as carotenoids, phenolic compounds and vitamins A, C and D. 2, 7 The large-scale production of passion fruit juice generates tons of by-products (peel and seeds) that are important raw materials in the food and cosmetic industries. 8 Recently, several studies have described that passion fruit peel is a source of fiber, predominantly pectin, which provides it with a range of potential applications as a stabilizer, emulsifier and as a thickening and gelling agent for the preparation of food products, e.g., functional beverages, mayonnaise and ice cream toppings. [8] [9] [10] [11] [12] In addition, it has been reported that passion fruit peel presents antioxidant activity and phenolic compounds. 5, 13, 14 Alternatively, passion fruit seeds are described as a rich source of lipids, proteins, minerals and fibers. [14] [15] [16] Several studies have reported that passion fruit seeds contain about 30% oil, with linoleic, oleic and palmitic acids as the main fatty acids. 14, 15, 17 Furthermore, as well as the peel, passion fruit seed oil has been described as a potential source of bioactive compounds, such as phenolic compounds, tocopherols and phytosterols. 15, 18, 19 In recent years, passion fruit seeds have been attracting attention in the production of oil, mainly due to the presence of bioactive compounds. 16 Phytosterols are a group of plant sterols with over 100 compounds that show similar structures and biological functions to cholesterol. [20] [21] [22] A number of studies have reported the benefits of a diet rich in phytosterols, especially the ability to reduce the levels of low-density lipoprotein cholesterol in blood and the protective effects against cardiovascular diseases. [20] [21] [22] The most abundant phytosterols found in vegetable oils, seeds, nuts and oil derived products are campesterol, β-sitosterol and stigmasterol. 20, 21, 23 Thus, the sample preparation step for the determination of phytosterol compounds generally includes a lipid extraction step, preceded by alkaline hydrolysis known as saponification. 24, 25 Several different methods for lipid extraction and saponification have been described in the literature. Lipid extraction has been extensively performed by the methods described by Folch et al., 26 and Bligh and Dyer, 27 and also by Soxhlet extraction. 28, 29 Alternatively, methods that use less toxic reagents, e.g., hexane and ethanol, and extraction techniques, such as ultrasoundassisted extraction (UAE), have been employed to obtain lipid extracts. 30, 31 The saponification step has been carried out based on the use of an ethanolic KOH solution under controlled conditions of time and temperature. In the related literature, several variations of the saponification step, such as different KOH concentrations, temperatures and incubation times can be found. 24, 25, 32 Moreover, Xiao-Hua et al. 25 developed a simultaneous method for extraction and saponification employing microwaveassisted extraction for the determination of phytosterols from edible marine algae. However, to the best of our knowledge, the use of ultrasonic radiation during the saponification step has not yet been studied.
The use of UAE for the extraction of lipids and bioactive compounds from plant materials has been widely studied due to the increase in extraction efficiencies and the reduction in time and solvent consumption compared with traditional solvent extractions. 30, 33, 34 Extraction efficiency enhancement by ultrasound has been attributed to the formation of microcavities that promote the rupture of cell walls, leading to an increase in mass transfer between the solid and liquid phases. 33, 34 Therefore, the application of ultrasonic radiation in the saponification step can be an alternative to improve the conventional saponification methods, i.e., increasing the extraction efficiency and decreasing the saponification time.
In the present study, we have investigated the potential use of ultrasonic-assisted saponification (UAS) and developed and validated a method for the determination of campesterol, β-sitosterol and stigmasterol in passion fruit seed oil by gas chromatography-flame ionization detection (GC-FID).
Experimental
The standards of campesterol, β-sitosterol and stigmasterol were purchased from Sigma-Aldrich (São Paulo, Brazil), with 65, 95 and 70% purity, respectively. KOH and Na 2 SO 4 were supplied from PANREAC (Barcelona, Spain). Hexane, n-heptane, chloroform, methanol and ethanol were acquired from Anidrol (São Paulo, Brazil).
Sampling
The passion fruits (P. edulis f. flavicarpa, P. alata and P. ligularis) were purchased from a local market in Maringá-PR, Brazil. The passion fruit seeds were separated manually from the fruit and stored at -18 °C until analysis. Before the lipid extraction step, the seeds were ground until the particle size reached 1.40 mm (mesh No. 12).
Lipid extraction methods
The extraction of the lipids of the P. edulis f. flavicarpa seeds was carried out using three different methods, namely, Bligh and Dyer, hexane/ethanol/water and ultrasoundassisted extraction (UAE).
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Bligh and Dyer
Initially, the passion fruit seeds (3 g) were transferred to a beaker with a 250 mL capacity containing 12.0 mL of distilled water. Then, 45.0 mL of a solution of chloroform/ methanol (1:2 v/v) was added under vigorous stirring for 5 min. After, 15.0 mL of chloroform was added to the mixture, which was stirred for 2 min, followed by the addition of 15.0 mL of distilled water and stirring for an additional 5 min. The solution was vacuum filtered on a Büchner funnel with quantitative filter paper and the resulting solution was transferred to a separating funnel. After phase separation (6 h), the lower phase, containing the chloroform and lipids, was transferred to a flask, and the solvent was evaporated in a rotator evaporator (Fisatom, Brazil) kept at approximately 35 °C. The oil was collected in an Eppendorf tube and stored at -18 °C for further analysis.
Hexane/ethanol/water
Initially, the passion fruit seeds (5 g) were transferred to a beaker with 250 mL capacity, to which 50.0 mL of ethanol and 25.0 mL of hexane were added under vigorous stirring for 5 min. Then, hexane (25.0 mL) was added and stirred for an additional 2 min. After, 25.0 mL of distilled water was added and the mixture was stirred for 5 min. The solution obtained was vacuum filtered on a Büchner funnel with quantitative filter paper and the resulting solution was transferred to a separation funnel. Subsequently, after phase separation (6 h), the lower phase containing the organic solvent and the lipids was collected and the solvent was evaporated in a rotator evaporator (Fisatom, Brazil) at 35 °C. The oil was collected in an Eppendorf tube and stored at -18 °C for further analysis.
Initially, the passion fruit seeds (1 g) were transferred to a Falcon tube with a 50.0 mL capacity, and 25.0 mL of hexane was added. Then, the mixture was immersed into an ultrasonic bath (Eco-Sonics Q 5.9/25 A, Unique, São Paulo, Brazil), with 165 W of potency and a frequency of 25 kHz at 60 °C for 20 min. After extraction, the extract was centrifuged in a Harrier 18/80 Sanyo centrifuge for 10 min at 6535 × g, and the supernatant was collected. The solvent was evaporated in a rotator evaporator (Fisatom, Brazil) at 35 °C. The oil was collected in an Eppendorf tube and stored at -18 °C for further analysis.
Saponification
Conventional saponification
Saponification was performed according to Costa et al. 35 Initially, the P. edulis f. flavicarpa seed oil (0.1 g) was placed in a tube with 1 mL of ethanolic KOH solution (1 mol L -1 ). The solution was incubated into the water bath (Fisatom, Brazil) at 70 °C for 50 min. After cooling, 1 mL of distilled water was added and the unsaponifiable fraction was extracted using liquid-liquid partitioning into distilled water and 5 mL of n-heptane. The organic phase was transferred to a tube containing Na 2 SO 4 , and the extraction was repeated twice with 5 and 4 mL of n-heptane, respectively. All these three extracts were combined and homogenized before injection into the GC system.
Ultrasound-assisted saponification (UAS)
Saponification was carried out in an ethanolic KOH solution assisted by ultrasound radiation. Firstly, the concentration of the ethanolic KOH solution (0.5, 1 and 2 mol L -1 ) and the incubation time (15 and 30 min) were evaluated. For this, the P. edulis f. flavicarpa seed oil (0.1 g) was placed in a tube with 1 mL of ethanolic KOH solution. Then, the mixture was immersed into an ultrasonic bath at 70 °C. After cooling, 1 mL of distilled water was added and the unsaponifiable fraction was extracted with 5 mL of n-heptane. The organic phase was transferred to a test tube containing Na 2 SO 4 and the extraction was repeated twice with 5 and 4 mL of n-heptane, respectively. The organic phases were combined and homogenized before injection into the GC system. Under the optimum conditions, passion fruit seed oil was saponified at different temperatures (30 and 50 °C) and the unsaponifiable fraction was extracted with n-heptane under the same conditions described above.
Chromatographic analysis
Gas chromatographic analysis was performed using an Ultra Trace Triplus (Thermo Scientific, Italy) gas chromatography (GC) equipped with a programmed temperature vaporizing (PTV) injector and a TriPlus auto sampler and a flame ionization detection (FID). Chromatographic separation was performed using a capillary column (30 m × 0.25 mm i.d. × 0.25 μm of 5% diphenyl and 95% dimethylpolysiloxane) from Macherey-Nagel. The samples (1 μL) were on-column injected at 110 °C and increased to 320 °C at 14.5 °C s -1 . The GC-FID oven program was as follows: start at 220 °C, hold for 2 min and then heat to 320 °C at 20 °C min -1 , final hold time of 11 min. The gas flow rates used were 1.2 mL min -1 carrier gas (H 2 ), 30 mL min -1 makeup gas (N 2 ) and 35 and 350 mL min -1 flame gases (H 2 and synthetic air, respectively). The retention times and areas of the peaks of the target compounds were determined by ChromQuest™ 5.0 software. 37 The identification of the phytosterols was performed by comparing the retention times of the samples to those of the standards.
Since blank samples were not available, the quantitative analysis was performed by means of the standard addition method, analyzing passion fruit seed oils at five concentration levels between 0.25 and 30 μg g ).
Analytical performance
The Eurachem guideline 36 was used for the evaluation of linearity, accuracy, precision, the limit of detection (LOD) and the limit of quantitation (LOQ). The accuracy was estimated in terms of recovery and precision (intraday and interday), expressed in terms of relative standard deviations (RSDs), by spiked passion fruit seed oil samples at two concentration levels (0.50 and 1.00 × endogenous amount), analyzing five replicates at each concentration. The interday precision was evaluated on two consecutive days. The LOD and LOQ were estimated based on signal to noise ratios of 3 and 10, respectively, after having determined the endogenous amount of the target compounds in the passion fruit seed oils.
Statistical analysis
Data were presented as mean and standard deviation (SD) values. Statistica ® v. 8.0 software 37 was used for the analysis of Tukey's test (p < 0.05).
Results and Discussion
Ultrasound-assisted saponification (UAS)
The determination of phytosterols in passion fruit seed oil was performed by a lipid extraction, followed by a saponification step and GC-FID analysis. Initially, three lipid extraction methods were evaluated (Bligh and Dyer, hexane/ethanol/water and UAE), focusing on the yield of the oil extracted from passion fruit seeds. As can be observed in Figure 1A , a higher extraction yield (35.5 ± 1.7%) was obtained by UAE, followed by the Bligh and Dyer (23.4 ± 3.1%) and hexane/ethanol/water methods (20.4 ± 1.9%). Then, to evaluate whether the extraction yield influences the extracted amount of the target phytosterols, the oil obtained by each extraction method was subjected to a saponification step according to Costa et al., 35 and the results are presented in Figure 1B . It can be noted that the influence of the yield of the oil extraction methods on the amount of the compounds extracted from the passion fruit seed oils was more evident for campesterol, which was determined in a higher amount when the oil was extracted by UAE. Alternatively, for stigmasterol and β-sitosterol, the amounts extracted by UAE and the Bligh and Dyer method did not present significant differences. Based on these results, and considering the easier use, time saving and practicality, UAE was chosen as the oil extraction method from the passion seeds for the subsequent development of the proposed saponification method.
Several conventional saponification methods applied for phytosterol analysis in plant matrices are described in the literature. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] These conventional methods are based on the use of an ethanolic KOH solution under controlled conditions of time and temperature. The KOH concentrations ranged from 0.5 to 2 mol L -1 , while the incubation times ranged from 50 min to 18 h and the temperatures ranged from room temperature to 80 °C. 22, 24, 25, 38 However, a critical aspect for phytosterol analysis is their thermolabile properties, which can lead to degradation of these compounds at high temperatures when long incubation times are used. 38 Thus, to evaluate the efficiency of the UAS for the extraction of the three target compounds (campesterol, β-sitosterol and stigmasterol, from passion fruit seed oils), three parameters were investigated, namely, ethanolic KOH concentration (0.5, 1 and 2 mol L In Figure 2 , the performance of the conventional and UAS saponification methods are summarized. As can be observed, all target compounds were determined using both saponification methods, conventional and UAS. However, although the extracted concentrations of all phytosterols did not present significant difference between the conventional saponification method and the UAS method at 70 °C in all KOH concentrations evaluated, the last ones presented slightly better numerical results. From the results obtained by the different parameters evaluated during the UAS method optimization, some observations can be made. The extraction time and concentration of ethanolic KOH solution did not affect the extraction efficiency for all compounds. On the other hand, for a fixed ethanolic KOH solution concentration and extraction time, it can be observed that the temperature was the parameter that significantly affected the extraction concentrations of all compounds: the lower the temperature, the lower the extracted concentration. Xiao-Hua et al. 25 and Feng et al. also reported that a higher extraction temperature is beneficial for saponification of phytosterol contents. Furthermore, as stated in the literature, temperature is strongly associated with solvents properties, and an increase of temperature results in a decrease of both viscosity and surface tension, and induces an improvement in the mass transfer mechanism. 30, 40 Thus, the selected conditions for the UAS were an ethanolic KOH solution concentration of 1 mol L -1 and an extraction time and temperature of 15 min and 70 °C, respectively.
By comparing the results of the extracted concentrations of the target compounds obtained with the optimized UAS method and with the conventional saponification method, it is possible to conclude that in addition to the increase in the extraction efficiency, the saponification time decreased about 3.3 times. The extraction time decrease can be associated to the cavitation effects promoted by the use of ultrasonic radiation during the saponification step. 41 
Analytical performance
The analytical performance of the developed method was evaluated in terms of selectivity, linearity, LOD, LOQ, accuracy and precision for campesterol, β-sitosterol and stigmasterol.
The selectivity of the method was evaluated by comparing the retention times of the target and matrix compounds and the analytical curves obtained by standard addition method and external standard method. Considering that the curves were parallel, 42 it was possible to conclude that there were no matrix compounds that could affect the quantification of phytosterols (Figure 3) .
A standard addition method at five concentrations (0.25, 0.5, 1.0, 2.0 and 3 × endogenous amount) was used to determine the method's linearity. As shown in Table 1 , the developed method presented good linearity for all the selected compounds with correlation coefficients higher than 0.99.
The LOD and LOQ were calculated as the quantity of analyte able to produce a chromatographic peak three and ten times higher, respectively, than the noise of the baseline in a chromatogram of a non-fortified sample, after having estimated the endogenous amount. These values are shown in Table 1 and were satisfactory to quantify the target compounds at the concentration levels determined in the samples.
The accuracy was estimated through recovery studies at two concentration levels (0.5 and 1 times the endogenous amount of each compound). For this, after preliminary determination of the endogenous amount of the phytosterols, some samples were spiked with known amounts of the analytes and, after 30 min of equilibration time, submitted to the saponification process (spiked sample). Other samples were directly submitted to the saponification process and the fortification was applied on the final extract with the same nominal amount of analyte (control sample). Satisfactory recoveries (Table 1) , ranging between 103 and 107%, were obtained for all compounds at both concentration levels evaluated.
Finally, the precision was calculated in terms of intraday and interday precision and expressed in terms of RSD. The results are presented in Table 1 with all RSD values at ≤ 19% for all compounds studied.
Analysis of passion fruit seed oils from different species
The method developed was applied for the determination of campesterol, β-sitosterol and stigmasterol in the seed oils of three different species of passion fruits, namely, yellow passion, sweet passion and sweet granadilla. As can be observed in Table 2 , all target phytosterols were found in the seed oils of all passion fruit species evaluated. β-Sitosterol was the compound found at the highest concentration levels, varying in the range of 0.90 ± 0.02 to 1.60 ± 0.01 mg g -1 of oil, followed by stigmasterol (0.70 ± 0.01 to 1.40 ± 0.12 mg g -1 of oil) and campesterol (0.10 ± 0.01 to 0.30 ± 0.06 mg g -1 of oil). Among the passion fruit seeds oil species evaluated, sweet passion fruit seed oil presented the highest phytosterol content, followed by yellow passion fruit and sweet granadilla.
Several works that describe the analysis of the same representative phytosterols analyzed in the present seed oils, such as soybean, sunflower, corn, Zhejiang pecan and Sacha inchi, can be found in the literature. 22, 41, 43 By comparing these works with the present work, it can be noted that a similar behavior related to the relative quantities of each compound was found in the seeds oils, with β-sitosterol as the compound found in the highest abundance. Alternatively, comparing the concentrations found in passion fruit seed oil with the other seed oils, the concentrations found in passion seed oil were about twice as high than Zhejiang pecan oil and Sacha inchi oil and, about 1.5, 2 and 5 times lower than soybean, sunflower and corn oils, respectively. Furthermore, in a recent work published by Siger et al., 24 a GC-FID method was developed to quantify seven phytosterols (campesterol, Δ5-stigmasterol, β-sitosterol, Δ5-avenasterol, cycloartenol, 24-methylenecycloartanol and citrostadienol) in oil obtained from seeds of beech (Fagus sylvatica L.). Among the compounds analyzed, campesterol, β-sitosterol and stigmasterol were the compounds found in the higher concentration levels, in agreement with the literature, and, as all other seed oils cited above, β-sitosterol was the compound found in the highest abundance.
Conclusions
A simple, time-saving and efficient method for the determination of three representative phytosterols in passion fruit seed oils based on UAS and GC-FID analysis was developed and validated. The proposed method showed good linearity, excellent accuracy, satisfactory precision and low limits of quantification. In addition, the UAS method was optimized for ethanolic KOH solution concentration, extraction time and temperature. The optimized UAS method extracted higher phytosterol concentrations and was about 3.3 times faster than the conventional saponification method. Thus, the proposed UAS method might be a valuable alternative saponification method for the determination of phytosterols in oil samples. Furthermore, the developed method was applied for the analysis of campesterol, β-sitosterol and stigmasterol from the seed oils of three different species of passion fruits, yellow passion, sweet passion and sweet granadilla. All compounds were found for all passion fruit species evaluated, with β-sitosterol the most abundant compound, followed by stigmasterol and campesterol.
